The innervation of cerebral blood vessels by nerve fibers containing acetylcholinesterase (AChE) and vasoactive intestinal peptide (VIP) and the vasomotor ef fects of the two neurotransmitters have been analyzed in the rat following the uni-or bilateral removal of the sphe nopalatine ganglion (SPG), which is thought to be the major origin of this innervation. Histochemistry of AChE-positive nerve fibers and the immunoreactivity to· ward VIP revealed only a 30% reduction in the innerva tion pattern of the rostral part of the cerebral circulation following the operation. At �4 weeks postoperatively, the original nerve network was restored. Quantitative measurements of cholineacetyltransferase activity and VIP revealed similar reductions in the levels of collected
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The innervation of cerebral blood vessels by nerve fibers containing acetylcholinesterase (AChE) and vasoactive intestinal peptide (VIP) has been described in detail during the last decade (Larsson et aI., 1976; Edvinsson et aI., 1972 Edvinsson et aI., , 1980 Matsuyama et aI., 1983; Gibbins et aI., 1984; Ed vinsson and Ekman, 1984) . However, it was not until quite recently that the origin and pathway of these nerves to the cerebral arteries were de scribed. Extirpation of the sphenopalatine ganglion (SPG) decreased the density of the AChE-positive large cerebral arteries at the base of the brain and in small pial vessels overlying the cerebral cortex at the various postoperative times following uni-or bilateral removal of the SPG. The two techniques thus complemented each other. Vasomotor reactivity to acetylcholine (ACh) and VIP was examined in proximal segments of the middle cerebral artery at the various postoperative times. Gen erally, the removal of the SPG had no effect on the re sponses to ACh or VIP. The evidence indicates that only approximately one-third of the cholinergiclVIP innerva tion of the rostral part of the cerebral circulation origi nates in the SPG. Key Words: Acetylcholine-Cerebral arteries-Histochemistry-Vasoactive intestinal pep tide-Vasomotor reactivity. and VIP-containing fibers to the anterior ipsilateral part of the circle of Willis in the rat (Hara et aI., 1985; Hara and Weir, 1986) . These nerve fibers ap peared to reach the cerebral arteries via ethmoidal nerves. Evidence of a neuronal pathway between the SPG and the cerebrovascular adventitia was re cently supported by retrograde tracing using horse radish peroxidase (Keller et aI., 1985; Walters et aI., 1986) and True Blue (Edvinsson et al., 1989) .
In the present study, we have examined the effect of extirpation of the SPG on the distribution of AChE-positive and VIP-immunoreactive fibers and measured quantitatively VIP levels and the choline acetyltransferase (ChAT) activity in cerebral blood vessels at different postoperative times. In addition, the vasomotor effects of VIP and acetylcholine (ACh) on the denervated rat middle cerebral artery have been examined using a sensitive in vitro method.
MATERIAL AND METHODS
Approximately 120 adult male Sprague-Dawley rats (250-350 g) were used in this study. Animals were al lowed access to standard rat pellets and water ad libitum and were maintained under 12-h dark conditions.
Extirpation of the SPG
Under pentobarbital anesthesia (30 mg/kg i.p.), rats were fixed in a stereotaxic head frame and a sagittal scalp incision was made between the eyes. Intraorbital struc tures were gently dissected from the medial aspect of the orbit and retracted laterally. At the ventromedial aspect of the orbit, the maxillary nerve and the SPG were iden tified. In one group of animals the left SPG was extirpated with fine forceps. After 1-4 weeks following surgery, the rats were killed by exsanguination under pentobarbital anesthesia. The major cerebral and pial vessels were re moved immediately and processed for immunocytochem istry, radioimmunoassay, and in vitro pharmacology as described below. In another group of rats, the SPG was removed bilaterally and the effect examined 2 weeks postoperatively.
Histochemistry

Demonstration of AChE-positive nerve fibers
Whole-mount preparations of pial arteries were dried onto glass slides as stretch preparations. After air drying, the preparations were processed for the copper thio choline method of Koelle (1963) as modified by Holm stedt (1957) . Prometazine was used for inhibition of non specific cholinesterase activity (Matthews et al., 1974) . The stretch preparations were counterstained in eosin.
Immunocytochemistry
Pial arteries of nonoperated and operated hemispheres were immersed in an ice-cold fixative composed of a mix ture of 2% formaldehyde and 15% of a saturated aqueous picric acid solution buffered to pH 7.2 with 0.1 M phos phate buffer. The specimens were fixed overnight and thoroughly rinsed in Tyrode buffer containing 10% su crose at + 4°C for 48 h. They were then briefly rinsed in a phosphate buffer and stretched on chrome-alum-coated microscope slides as whole mounts. The specimens were subsequently processed for the immunocytochemical demonstration of VIP using indirect immunofluores cence. The antiserum (code 7852), which was used in a dilution of 1: 1 ,280, has been characterized elsewhere (Grunditz et al., 1986) . The site of the antigen-antibody reaction was revealed by fluorescein isothiocyanate labeled sheep anti-rabbit immunoglobulin G (Milab, Malmo, Sweden) diluted 1:320. Sections incubated with VIP antiserum inactivated by the addition of excess an tigen (10-100 J-lg/ml of the peptide per milliliter diluted antiserum) served as controls. Cross-reaction with other peptides or proteins sharing amino acid sequences with the examined peptide cannot be excluded. The immuno reactive material should appropriately be referred to as "VIP-like." For brevity, however, the shorter term "VIP" is used henceforth.
Quantitative measurements
Measurements of ChAT activity
For the determination of ChAT activity, the animals were decapitated. Cerebral arteries and pial vessels were dissected out on ice, frozen on dry ice, and stored at -80°C until assayed. The frozen vascular tissues were then ground at -30°C and the enzyme extracted by son ication in a small volume of Triton/ethylenediamine tet raacetate (0.5%/10 mM). The ChAT activity was mea sured by the radiochemical method described by Fonnum (1975) .
Radioimmunoassay
Major cerebral and pial vessels of control and lesioned hemispheres were frozen on dry ice. The frozen tissues were stored at -20°C until extraction. After weighing, the tissues were boiled in 0.9% saline (1-2 ml/100 mg tissue) for 10 min, followed by homogenization in a tissue grinder of glass (Potter-Elvehjem). The homogenates were centrifuged at + 4°C, 2,000 g, for 20 min and the supernatants were collected. The pellets were dissolved in 0.5 M acetic acid and subjected to the same extraction procedure as described above. The supernatants were mixed and lyophilized. The samples were reconstituted and diluted in 0.05 M sodium phosphate buffer, pH 7.4, containing 0.25% human serum albumin and 500 kIU Tra sylollml. Each sample was assayed in triplicate in three different dilutions using antiserum no. K-7852. The anti body is known to recognize the N-terminal 15-amino acid sequence of VIP. It does not cross-react with peptide histidine isoleucine, gastrin inhibitory peptide, secretin, glucagon, or cholecystokinin. The final dilution of the antiserum in the radioimmunoassay is 1 :40,000. The min imum detectable amount is 4 pmoliL.
Response of isolated cerebral arteries
The proximal parts of the middle cerebral arteries from both hemispheres of controls and of unilaterally and bi laterally denervated animals were dissected under the mi croscope and stored for 1-15 h in a cold buffer solution. Vessel segments, 2-3 mm long, were mounted between two L-shaped metal prongs in 2.5 ml mantled tissue baths kept at 37°C for recording of circular vasomotor activity. Isometric tension was measured with Grass force displacement transducers and recorded on a Grass poly graph. The segments were given a passive load of 2 mN and allowed to attain a steady level of tension to stabilize for 90 min before testing. The contractile capacity of the vessels was examined by exposure to a buffer solution in which the KCI concentration was 60 mM. After repro ducible contractions were obtained by the potassium buffer, the vessels were pre contracted with uridine triphosphate (UTP) (3 x 10-5 M) or 5-hydroxytryptamine (5-HT) (10-5 M), which induced stable contraction of the middle cerebral artery. Application of UTP or 5-HT gave rise to a persistent stable contraction during which VIP or ACh was applied cumulatively. Relaxation responses are expressed as percentage of induced precontraction. For further methodological details, see HogesHitt and col leagues (1983) .
Solutions and drugs
The following solutions were used: (a) standard buffer solution (mM): NaC1119, KCI4.6, CaCl2 1.5, MgCl2 1.2, NaHC03 15, NaH2P04 1.2, glucose 11.0; (b) 60 mM K+ Krebs solution: as above, substituting equimolar amount of KCI for NaCl. Analytical-grade chemicals and double distilled water were used for preparing all solutions.
Drugs used were acetylcholine hydrochloride (Sigma), 5-hydroxytryptamine creatinine sulfate (Sigma), UTP (Sigma), and VIP (Peninsula). VIP was dissolved in 0.1 mM ascorbic acid and further diluted in saline; all other drugs were dissolved and diluted in saline.
RESULTS
Histochemistry
Light microscopy
Numerous AChE-positive nerve fibers sur rounded blood vessels in control animals and blood vessels taken from the posterior part of the circle of Willis in operated animals. A reduction in the amount of AChE-positive fibers surrounding blood vessels of the proximal portion of the circle of Willis was seen following unilateral and bilateral lesioning of the SPG (Fig. 1 ). This reduction was, however, inconsistent in that some vessels from the proximal part of the circle of Willis still exhibited a prominent AChE activity whereas other vessels seemed al most totally devoid of AChE-positive fibers. Immunocytochemistry Immunocytochemical evaluation of VIP-con taining fibers in the proximal part of the circle of Willis revealed that both bilateral and unilateral le sions to the SPG resulted in a reduction by about one-third in the density and staining of the fibers (Fig. 2) . The reduction in the VIP immunoreactivity was noticed only in the anterior part of the circula tion. Interestingly, the extirpation of the SPG re sulted in a patchy loss of VIP fibers; thus, some areas seemed to be devoid of VIP fibers whereas others appeared intact.
Quantitative measurements
Measurements of ChAT activity
Measurements of ChAT activity were performed in large cerebral arteries at the base of the brain and in small pial vessels overlying the cerebral cortex at various times after uni-or bilateral removal of the SPG. The data are summarized in Table 1 . In gen eral, there was a slight reduction (�30%) in the lev- No. of animals, 4-9 in each group. Statistical comparison did not reveal any significant difference between operated, sham-operated, and control animals using analysis of variance (ANOV A). Control (20. 2 ± 5.9 nmol ACh formed/mg protein/h) versus 2 wks after bilateral SPG removal (15. 2 ± 4. 0 nmol ACh formed/mg protein/h) in rostral vessels did not reach significance. els of ChAT activity in the rostrally located arteries, including the middle cerebral artery and those ar teries that contribute to the circle of Willis as well as pial vessels overlying the frontal cortex, at 7 days postoperatively as compared with sham-operated controls. This tendency was observed in both the uni-and the bilaterally operated animals; however, it did not reach statistical significance (analysis of variance). The basilar and vertebral arteries (not shown) as well as the pial vessels from the occipital cortices did not show any consistent decrease fol lowing SPG removal (Table 1) .
Radioimmunoassay of VIP
Following denervation there was a reduction from �20 to 10 fLmole per vessel segment of VIP immunoreactivity at 1-3 weeks postoperatively (Ta ble 2). Approximately equal reduction in the VIP content was seen 2 weeks following bilateral re-moval of the SPG (Table 2) . There was a tendency to a reduction also contralaterally; however, it was not statistically significant.
Vasomotor reactivity
Administration of potassium, 5-HT, and UTP re sulted in stable contractions by 1.2 ± 0.7 mN (n = 76), 0.79 ± 0.09 mN (n = 21), and 0.67 ± 0.08 mN (n = 63), respectively. VIP and ACh caused relax ation of precontracted arteries of the various sub groups of animals (Tables 3 and 4 ). ACh caused a slight relaxation of the middle cerebral artery in concentrations varying between 10 -6 and lO-3 M. The response was not significantly different in ani mals that had been lesioned either uni-or bilaterally (Fig. 3) . Administration of VIP similarly resulted in relaxation at concentrations varying between lO -9 and lO-6 M (Fig. 4) . The VIP-induced relaxation appeared to occur at somewhat lower concentra- Values given are means ± SEM. Statistical comparison between operated and unoperated sides was tested with Student's t test; probability is indicated in right-hand column. Control (23. 0 ± 2. 5 pmol VIP/vessel segment) versus 2 wks after bilateral SPG removal (14. 5 ± 1. 9 pmol VIP/vessel segment) showed a statistically significant difference (p < 0.01). tions 2 weeks after the operation (Fig. 4 ; Table 4 ). This effect was not seen at 1 or 3 weeks after the operation.
DISCUSSION
Nerve fibers that contain AChE and VIP are found in the wall of cerebral arteries in laboratory animals and humans (Edvinsson et aI., 1972 (Edvinsson et aI., , 1980 Larsson et aI., 1976; Kobayashi et aI., 1983; Mat suyama et aI., 1983; Edvinsson and Ekman, 1984) . A characteristic distribution is found in some spe cies that display a richer supply of AChE-and VIP containing fibers in the rostral part of the circle of Willis as compared with arteries with a more caudal localization (Edvinsson et aI., 1972 (Edvinsson et aI., , 1980 . The VIP fibers are occasionally seen to follow vessels that penetrate into the cerebral parenchyma (Loren et aI., 1979) . A considerable part of the perivascular AChE-positive and VIP fibers to the rostral part of the cerebral circulation is considered to originate in the SPG (Hara et aI., 1985) . In addition, AChE positive and VIP-immunoreactive fibers, which in nervate pial arterioles on the cortical surface, have been suggested to arise from cortical cholinergic neurons that also contain VIP (Loren et aI., 1979; Eckenstein and Baughman, 1984) . In the cat with its rete mirabile, some VIP fibers are thought to derive from local microganglia (Gibbins et aI., 1984) ; this is consistent with recent data by Hara and Kobayashi (1987) who observed VIP-and AChE-positive cell bodies in nerves close to the internal carotid artery and along the greater superficial petrosal nerve. Retrograde tracing studies employing horseradish peroxidase or True Blue as markers have revealed that not only the SPG but also the otic ganglion projects to rostral brain vessels (Walters et aI., 1986; Edvinsson et aI., 1989) .
The present study suggests that removal of the Table 3 .
SPG causes a slight reduction in the perivascular AChE and VIP nerve networks. A lowering of � 30% of the levels of ChAT activity and VIP was seen at 1-2 weeks postoperatively. This is in accord with observations that the cholinergic transmitter is probably co-stored with VIP in perivascular fibers and in the SPG (Hara et aI., 1985) . Interestingly, the VIP levels seemed to be affected more by the op eration than the levels of ChAT activity. The same amount of reduction in VIP levels was seen at 2 Relaxation (%) A weeks postoperatively in unilaterally operated as compared with bilaterally denervated animals. At 3-4 weeks the levels had returned to control. Re cent evidence supports the notion that cerebral blood vessels at the base of the brain receive VIP fibers from both SPG, i.e., a bilateral supply (Ed vinsson et aI., 1989) . Removal of the SPG had in the quantitative investigation effects on vascular VIP levels and ChAT activity that were comparable to the histochemical observations. (8) SPG operated animals 1 and 3 weeks. Values represent means ± SEM; these measurements were used to calculate ' max and pD2. For numbers of animals and further details, see Table 4 .
VIP and ACh are strong dilators of isolated cere bral arteries (Larsson et al., 1976; McCulloch and Edvinsson, 1980; Edvinsson and Ekman, 1984) . Re laxation induced by VIP is not inhibited by pro pranolol, atropine, or burimamide, indicating that VIP exerts its action via a specific VIP receptor; the relaxation occurs in parallel with activation of ce rebrovascular adenylate cyclase (Edvinsson et al., 1985; Huang and Rorstad, 1983; Suzuki et al., 1984) . On the other hand, ACh-induced relaxant re sponses are shifted in parallel toward higher ACh concentrations by atropine, showing the presence of cholinergic muscarinic receptors in the middle cerebral artery (Edvinsson et al., 1977) . The relax ation in response to VIP is still present in arteries where the endothelium has been removed, while that of ACh is lost; this suggests that VIP has a direct effect on the vascular smooth muscle cells, not involving an endothelium-derived relaxing fac tor (Lee et al., 1984; Edvinsson et al., 1985) .
Microapplication or superfusion of VIP elicits a concentration-dependent dilatation of pial arterioles and veins in situ (McCulloch and Edvinsson, 1980; Wei et al., 1980) . There is also evidence that small blood vessels dilate relatively more in response to the VIP application than larger vessels. The effect of denervation was presently examined in middle cerebral arteries using a sensitive in vitro method. The vasomotor responses to· both VIP and ACh were tested in the various de nervation groups. In general, removal of the SPG had no effect on the maximum relaxation elicited by VIP or ACh, nor on the concentration of agonists needed to induce half maximum dilatation. Support for a direct influence of the SPG on the cortical blood flow has recently been obtained. Seylaz et al. (1988) observed that stimulation of the SPG increased ipsilateral parietal cortical blood flow and tissue partial pressure of O2 by 50 and 20%, respectively.
In conclusion, only about one-third of the cere brovascular cholinergic and VIP fibers in the ante rior part of the circle of Willis of the rat appear to originates in the SPG, as revealed by histochemis try and quantitative chemical measurements. There are recent indications in the rat in favor not only of a bilateral innervation from the SPG but also of a significant contribution from the otic ganglion (Ed vinsson et al., 1989) . Lesioning of the SPG does not affect, or does so only transiently, cerebrovascular reactivity to ACh and VIP, and no hypersensitivity could be detected. Thus, the cholinergiclVIP inner vation of the cerebrovascular bed appears more complex than its sympathetic counterpart and the SPG is responsible only for one-third of this inner vation. Complete denervation does not appear to be J Cereb Blood Flow Metab, Vol. 9, No.2, 1989 possible since the fibers originate not only bilater ally in the sphenopalatine and the otic ganglia, but may to some extent also come from dispersedly placed small ganglion cell formations at the base of the brain (Gibbins et al., 1984; Hara and Kobayashi, 1987) .
